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Upconversion nanoparticles (UCNPs) exhibit unique optical properties such as
photo-emission stability, large anti-Stokes shift, and long excited-state lifetimes, al-
lowing significant advances in a broad range of applications from biomedical sensing
to super-resolution microscopy. In recent years, progress on nanoparticle synthesis led
to the development of many strategies for enhancing their upconversion luminescence,
focused in particular on heavy doping of lanthanide ions and core-shell structures.
In this article, we investigate the non-linear emission properties of fully Yb-based
core-shell UCNPs and their impact on the super-resolution performance of stimulated
excitation-depletion (STED) microscopy and super-linear excitation-emission (uSEE)
microscopy. Controlling the power-dependent emission curve enables us to relax con-
straints on the doping concentrations and to reduce the excitation power required for
accessing sub-diffraction regimes. We take advantage of this feature to implement
multiplexed super-resolution imaging of a two-sample mixture.
Keywords: Lanthanide-based upconversion nanoparticles, power-dependent emission curve, multiplexed
super-resolution imaging
INTRODUCTION
Lanthanide-based upconversion nanoparticles (UC-
NPs) efficiently convert absorbed near-infrared (NIR)
light into higher photo-energy emission, enabling a large
range of applications spanning biomedical imaging and
sensing, drug-delivery systems, NIR vision extension,
solar-cell technology, data security, and more [1–6]. Us-
ing UCNPs as luminescent bioprobes offers key ad-
vantages including extended photo-stability over several
hours of laser exposure, excitation in the NIR spectral
region resulting in low autofluorescence background and
reduced degree of photo-toxicity for biological samples,
and lifetime-based multiplexing capability [7–9].
The most common UCNP structure comprises the
crystal lattice NaYF4 hosting the trivalent ions Yb
3+
and Tm3+, which together represent a suitable sensi-
tiser/activator pair. The Yb3+ ion absorbs NIR (970-
980 nm) radiation and efficiently transfers this energy in
a step-wise manner to the Tm3+ ion, which is responsi-
ble for the upconversion emission. The peculiar photo-
physics of this class of nanoparticles has enabled signif-
icant advances in super-resolution microscopy. STimu-
lated Excitation-Depletion (STED) microscopy [10] for
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instance can be successfully applied to UCNPs, thanks
to their efficient cross-relaxation mechanism from highly-
excited states to intermediate energy levels within the
Tm3+ ions [11–13]. This phenomenon allows the blue
emission to be substantially suppressed by efficient deple-
tion of the intermediate energy levels via resonant stimu-
lated emission. Imaging in combination with an annular-
shaped depletion beam can therefore significantly im-
prove the lateral resolution, even down to the nanopar-
ticle’s size. Optical investigation of the non-linear emis-
sion properties of UCNPs has also led to the discovery of
an additional super-resolution technique [14–16], recently
named upconversion Super-linear Excitation-Emission
(uSEE) microscopy. With suitable concentrations of the
lanthanide ion Tm3+, the 455-nm emission of UCNPs
shows strong non-linear dependence as function of the
excitation laser intensity, reaching power indices of 6.2.
Such strong super-linearity results in improvement to the
resolution down to about half of the diffraction limit in
both the lateral and transversal directions, making uSEE
microscopy a simpler, low-power super-resolution tech-
nique, not requiring complex purpose-build systems or
any post-processing analysis. The ability to resolve sin-
gle UCNP probes in biological samples is important since
this allows binding of individual nanoparticles to target
structures to be visualised and quantified [14, 17].
Despite the unique advantages of UCNPs, their rel-
atively moderate luminescence brightness represents a
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2major challenge. Applications in STED nanoscopy in
particular require a critical balance between high excita-
tion laser intensities, which are potentially harmful for
biological samples, and excessive acquisition or process-
ing times. The uSEE technique is also affected, as the
emission rate is limited to values of 10 cts/ms [14]. Over
the past decade, there have been major efforts directed
at refining design and synthesis of lanthanide UCNPs
aimed at enhancing their brightness [18]. This has been
achieved, for example, by optimising the lanthanide-ion
concentrations, and by growing active/inert shell struc-
tures [19–21]. Higher sensitiser (Yb3+) concentrations
provide a higher density of optical centres dedicated to
the collection of photons and to the sustenance of the ex-
citation process, leading to a stronger luminescence sig-
nal. At the same time, however, the reduced dopant
separation facilitates ion-ion interactions and promotes
long distance energy migration to quencher sites, there-
fore limiting the upconversion efficiency [22]. The strat-
egy of overcoating the nanoparticle with a shell of active
or inactive material has been shown effective in reduc-
ing the influence of quenching defects, as they are largely
located on the surface of the particle [23, 24]. These mea-
sures are successful in boosting the luminescence signal
by one or even two orders of magnitude, specifically in a
low-excitation power regime [25]. Finally, to further max-
imise the luminescence brightness several research groups
have attempted the synthesis of lanthanide-based lattice,
i.e. NaYbF4:Ln (Ln: lanthanide), where the inert Y ele-
ment is completely replaced by the Yb3+ ions. Despite
the possible limiting factor of concentration quenching
[19], significant improvements in brightness compared to
the common Y-based UCNPs has been reported [17, 24–
26].
Given the above advances in UCNP design and syn-
thesis, the question arises whether there are conse-
quential improvements that can be made to super-
resolution imaging performance. For example, changes
in the Yb3+/Tm3+ composition ratio are expected to
affect excitation and depletion rates and the efficiency
of cross-relaxation mechanisms, leading to variations in
the non-linear emission characteristics of the excited
nanoparticles. Promising results have been reported for
NaYF4:Yb,Tm nanoparticles [27], where increasing the
doping concentration of the Yb ions from 20 to 60%
showed improvements in the emission slope at the single-
nanoparticle level. However, power-dependent studies
on fully Yb-based UCNPs are limited in literature, and
to the best of our knowledge a comprehensive analysis
of their emission properties and their effect on super-
resolution nanoscopy of the particles have not been re-
ported.
In this paper, we undertake a systematic comparison
of NaYbTmF4 nanoparticles over an extensive range of
excitation powers. We demonstrate that these particles
can efficiently sustain the depletion process for the STED
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FIG. 1. Schematic of the confocal microscope system, where
PBS is a polarising beam splitter, VP a vortex plate, NF a
neutral density filter, PL is a polariser, λ/2 a half-wave plate,
PM a power meter, DM1 and DM2 respectively a long-pass
and short-pass dichroic mirror, λ/4 a quarter-wave plate, F a
blue narrow-band filter, and APD an avalanche photo-diode.
microscopy, while also providing sufficient levels of super-
linearity to enable uSEE microscopy over a wide selec-
tion of lanthanide concentrations. We observe that the
variation in the Yb-Tm concentration shifts the 455-nm
emission curve across a substantial range of excitation
powers without altering the non-linear response. Fur-
ther, optimising UCNP composition and structure en-
ables state-of-the-art super-resolution imaging for both
STED and uSEE microscopy at significantly lower ex-
citation and depletion power densities that have been
previously reported. Additionally, we exploit this phe-
nomenon to implement a multiplexing imaging method
capable of recognising different UCNPs in a mixture with
optimal super-resolution performance.
RESULTS AND DISCUSSION
A set of hexagonal NaYbxTm1−xF4 nanoparticles with
Yb concentration of x = 0.92, 0.88, 0.84, and 0.8 were
synthesised following a thermal decomposition protocol.
The synthesis was carefully realised by using a cus-
tomised system for automated growth, ensuring a high
degree of precision and reliability. Within each sample,
particle size was observed to be homogeneous, with di-
ameters 54, 46, 48, and 59 nm, respectively (see Supple-
mentary Figure 1). Note the concentrations of the sen-
sitiser and the activator species are directly related to
each other, so that increasing the former results in de-
creasing the latter. Therefore, we refer to the different
nanoparticle compositions with the ratio η =Yb%/Tm%,
representing the proportion between the Yb and Tm con-
centrations.
We performed the imaging and the optical character-
isation by means of a custom-made dual-laser confocal
system [14] schematically represented in Figure 1 (full
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FIG. 2. Imaging of lanthanide-based nanoparticles NaYbxTm1−xF4, where the Yb concentration x = 0.92, 0.88, 0.84, 0.8. We
refer to each samples with the Yb-Tm concentration ratio η = 92/8, 88/12, 84/16, and 80/20, represented by the colour red,
yellow, green, and blue, respectively. (a-d) Confocal x-y images of the monodispersed UCNPs, where each sample was excited
respectively at I = 54, 153, 444, and 573 kW cm−2, to reach the same single-particle photo emission. Dwell time: 3 ms. Bar
scale: 1µm. (e) Single-nanoparticle 455-nm emission as a function of the excitation peak intensity. The dotted lines illustrate a
slope of 5. Inset: The luminescence signal overcomes the noise level of 10−2 cts/ms at the intensity threshold Ith, which differs
for each UCNP sample. Ith is represented as function of the concentration ratio η.
details in Experimental Methods). The UCNPs are ex-
cited by a 976-nm circularly-polarised laser beam, ini-
tially produced by a single-mode CW laser diode. Sub-
sequently, a long-pass dichroic mirror allows an addi-
tional annular-shaped laser beam, centred at 808 nm,
to spatially co-propagate with the primary excitation
beam. This secondary arm is unblocked only to perform
STED microscopy. The excitation and depletion beams
are delivered to the UCNP sample via a 100x micro-
scope objective. The collected upconversion signal is iso-
lated from the source component by a short-pass dichroic
mirror, then filtered at the narrow wavelength range of
446± 13 nm, and finally coupled into a multimode fibre
for luminescence signal acquisition by an avalance photo
diode.
We firstly acquired confocal images for each set of
nanoparticles, as illustrated in Figure 2(a-d). A common
luminescence yield of about 17 photons/ms was reached
by tuning the excitation intensity. Interestingly the same
response was obtained under different excitation power
densities, from 573 kW cm−2 in the case of the lowest
value of concentration ratio η = 80/20, down to only
54 kW cm−2 for the highest value of η = 92/8. To in-
vestigate this phenomenon in more detail, we measured
the luminescence of an isolated nanoparticle over a large
range of excitation intensities. Results are reported in
Figure 2(e) in a log-log graph to better evaluate their
power dependence.
All four samples show an initial strong slope at lower
power, progressively reducing to a linear proportionality
and eventually reaching a saturation regime. Generally,
the slope s of the emission curve is closely related to
the multi-photon nature of the excitation process and, in
the particular case of an upconversion phenomenon, it is
equal to or smaller than the upconversion multi-photon
number N involved [28]. Here, the blue luminescence
centred at 455 nm and assigned to the 1D2 → 3F4 tran-
sition has been often referred to as a five-photon process
[29, 30]. Our results are in good agreement with this as-
sumption, as illustrated in Figure 2(e) by the slope s = 5
represented in dotted lines. It is important to note that
energy redistribution mechanisms, such as excited state
absorption and cross-relaxation between activator ions,
are critically involved in the upconversion luminescence.
Indeed, these processes, which are strongly influenced by
the concentrations of the dopant ions, are believed to be
responsible for reducing or increasing the emission slope
of lanthanide-doped materials [28, 30, 31]. Remarkably,
despite the significant difference in the concentration ra-
tio η, all four types of nanoparticles showed a comparable
slope s = 5 at relatively low excitation intensity.
The notion that the emission curves in Figure 2(e) have
a similar super-linear slope suggests that similar emission
properties can be achieved at different excitation inten-
sities by simply adjusting the concentration ratio. We
quantified this shift by looking at the intensity threshold
Ith at which the linear best-fit of the luminescence signal
overcomes the noise level of 10−2 cts/ms. This is calcu-
lated for each sample and represented in the inset of Fig-
ure 2(e), showing an almost inverse proportionality to the
square root of the concentration ratio η, within the range
of parameters explored in this analysis. By increasing η
from 80/20 to 92/8, we were able to lower the power den-
sity of the excitation laser by more than an order of mag-
nitude. This shift can be widely attributed to the larger
concentration of Yb3+ ions, as suggested by comparing
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FIG. 3. Comparison of the single-nanoparticle emission between core-only (in brighter colors) and core-shell (in darker colors)
structures. The core-shell curves corresponding to η = 92/8, 88/12, 84/16, and 80/20 are represented in dark red, orange, dark
green, and purple, respectively. The brighter curves follow the color code as specified in Figure 2. The legend specifies the
slope values obtained from the best fit (dashed line) of the emission curves at low laser intensities. The slope uncertainties are
equal to ±0.1, with the exception of ±0.2 for the core-shell case of (c). The intensity threshold for each core-shell UCNP is
equal to 13, 23, 87, and 57 kW cm−2, respectively.
the present results with the emission curve of the com-
monly Y-based UCNPs with 20% of Yb (Supplementary
Figure 2). Indeed, the fully Yb-doped nanoparticle with
concentration ratio η = 92/8 (NaYb0.92Tm0.08F4) shows
a threefold increase of the intensity threshold Ith with
respect to the corresponding 20%-Yb-doped nanoparticle
(NaY0.7F4:Yb0.2Tm0.1) used in our previous work [14].
At higher excitation intensity we note that the emis-
sion curves in Figure 2(e) reach a saturation region where
the luminescence is almost constant as a function of laser
power. The saturation level can be expected to vary ac-
cording to the concentration of the lanthanide ions and
their relative energy transfer efficiency. For an accurate
comparison of the nanoparticle brightness at saturation
the UCNP samples should have identical size, which is
not the case here. We can nevertheless observe that the
normalisation of the emission curves for the nanoparticle
volume suggests a slight increase in the saturation yield
with increasing concentration of Tm3+ ions (Supplemen-
tary Figure 3).
To further improve the optical performance of our UC-
NPs, we coated the nanoparticles with a thin shell of
NaYF4. The morphological characterisation by TEM
gives an average shell thickness of 1.5 nm (Supplementary
Figure 4). As well as a reduction in emission thresh-
old (by up to a factor of 5 for the 80/20 particle), we
observed a systematic increase of the emission slope for
core-shell compared with core-only nanoparticles, as indi-
cated by the data of Figure 3. This is in agreement with
results of previous studies of coating effects in high-Yb-
doped UCNPs [27]. We attribute the slope improvement
to the presence of the inert shell, which successfully re-
duces energy transfer from the Yb3+ ions to the surface
quenchers. A simplified energy-level model of the sensi-
tiser/activator system confirms this hypothesis, estimat-
ing a slope change in the order of 20% (Supplementary
Note 1). Each of the four core-shell UCNP samples exam-
ined herein demonstrated a non-linear slope value equal
to or greater than 5.4, with a maximum value of 7.2 for
η = 84/16. The experimental results also suggest a trend
in the slope improvement as function of the lanthanide
concentrations. In addition, we emphasise that, although
the shell coating has a strong impact in the super-linear
emission region, it has little effect at higher power den-
sities, thus limiting the maximum emission rate of the
single core-shell UCNPs to the same values as the corre-
sponding core-only nanoparticles.
The ability to shift the emission curve over a large
power region, while maintaining strong non-linear be-
haviour, has a great impact on super-resolution imaging
techniques such as uSEE and STED. The first advan-
tage is to reduce significantly the laser power required
to access these super-resolution regimes. We confirmed
this milestone by studying the core-shell nanoparticles
with the highest η (i.e. 92% Yb, 8% Tm), corresponding
to the case with lowest intensity threshold. By imaging
with only the 976-nm CW laser at a power density com-
patible with the super-linear emission region, we were
able to access the uSEE regime and measure a single-
nanoparticle resolution of about 200 nm (Figure 4(a,c)).
Resolutions of about half the diffraction limit by means
of uSEE nanoscopy were already attained by our group
[14], but in this case we employed an excitation peak
intensity as low as 46 kW cm−2 (about 85 µW), nearly
three times lower than previously reported. Addition-
ally, we tested the efficiency of the STED technique by
co-illuminating the sample with both the excitation 976-
nm laser and the annular-shaped 808-nm depletion beam.
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FIG. 4. Super-resolution imaging with core-shell nanoparti-
cles with η = 92/8 (NaYb0.92Tm0.08F4@NaYF4). (a) Con-
focal x-y image of the UCNPs by means of the uSEE tech-
nique (peak intensity of the excitation beam: 46 kW cm−2).
(b) Same confocal imaging scan as in (a) performed with
the STED technique. The peak power density of the 976-
nm excitation CW laser and the 808-nm depletion beam
are 49 kW cm−2 and 4.1 MW cm−2, respectively. Dwell time:
3 ms. Scale bar: 1 µm. (c) Line profile of the uSEE-imaged
nanoparticles. The Gaussian best-fit gives a FWHM of
206± 12 nm (d) Line profile of the STED-imaged nanoparti-
cles. The Lorentzian best-fit returns a FWHM of 57± 5 nm.
In this case, we achieved single nanoparticle resolution
(Figure 4(b,d)), demonstrating that the depletion pro-
cess in the Tm3+ ions remains effective despite the high
concentration values of the Yb3+ ion. The best resolu-
tion observed is comparable to that of current state-of-art
UCNP-based STED nanoscopy [11, 13], though the peak
intensity of the depletion beam was only 4.1 MW cm−2
(19 mW), more than two times smaller than our previ-
ous report [11]. We clarify that the excitation power for
the STED technique is selected to minimise the radia-
tion fluence delivered to the sample, while maintaining a
sufficient signal-to-noise ratio. The excitation powers for
STED could be lowered to values comparable to those
used in uSEE, which is beneficial for improving both lat-
eral and transversal resolutions [32].
We also analysed the optical properties of the core-
shell nanoparticles with the highest intensity threshold,
i.e. η = 84/16 (as reported in Figure 3), confirming a
similar depletion efficiency for STED and even better
performance for uSEE (Supplementary Figure 5). The
resolution improvement observed in uSEE nanoscopy re-
flects well the steepening of the emission curve over the
different concentration ratios. Resolution improvement
of non-linear emitters with slope s can be practically es-
timated to be proportional to
√
s, giving a relative im-
provement of 13% when increasing the slope from 5.6 to
7.2 (corresponding to a change in η from 92/8 to 84/16).
This is in good agreement with the measured lateral res-
olution, improving from 206 to 183 nm (Figure 4(c) and
Supplementary Figure S4(c)).
It is evident that the ability to achieve super-resolution
operation at different lanthanide concentrations (η vary-
ing from 92/8 to 84/16) largely relaxes the constraints on
the crystal composition. Conventional UCNP synthesis
for STED and uSEE applications has required specific
amounts of the matrix ions and the lanthanide dopants,
i.e. 20% Yb and 8% Tm. Instead, the design of the fully
lanthanide-based nanocrystal presented in this work is
simply based on the ratio between sensitiser and acti-
vator, alleviating requirements on precise concentration
values during the UCNP synthesis.
Finally, controlling the emission curve of non-linear
emitters allows more freedom in the adaptation of nano-
materials to each specific experiment and can lead to in-
teresting applications. We took advantage of this effect to
implement multiplexing capabilities in super-resolution
imaging of UCNPs. Figure 3 shows that for large differ-
ences in lanthanide concentrations the non-linear emis-
sion regions of different nanoparticles can be distanced
enough to avoid their possible overlap in excitation in-
tensity. In Figure 5(a), we considered the case of the
core-shell UCNPs with η = 92/8 and 84/16, where the
difference of the intensity threshold exceeds 70 kW cm−2.
By opportunely selecting the excitation power it is possi-
ble to perform super-resolution imaging of the first type
of UCNPs (with no detectable blue luminescence from
the second), or alternatively to acquire super-resolved
images of the latter UCNPs while the former is subject
to a saturated response. To experimentally verify this
multiplexing technique, we deposited the two nanoparti-
cle samples on the same microscope slide and acquired
confocal STED images at peak power densities of the ex-
citation beam equal to 53 kW cm−2 and 252 kW cm−2.
The two different UNCP samples can be clearly distin-
guished by comparing Figures 5(b) and (c). To visualise
better the nanoparticles, the color bar of the second im-
age was rescaled to match the emission amplitude of the
second type of particles with the higher intensity thresh-
old, causing the first UCNPs to appear oversaturated.
Inevitably the oversaturation imposes a blind region for
the second type of nanoparticles, but in-plane this re-
striction is limited only to an area with radius smaller
than 160 nm.
Shifting the upconversion luminescence to lower in-
tensities is not only limited to STED nanoscopy. This
straightforward multiplexing modality can also be ap-
plied to the uSEE technique (Supplementary Figure 6),
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FIG. 5. Multiplexed STED imaging of the core-shell UCNPs
with η = 92/8 and 84/16. (a) Single-nanoparticle 455-nm
emission curve of each sample, represented in dark red and
dark green, respectively. (b-c) STED confocal images of the
two UCNP samples mixed and deposited on the same mi-
croscope slide. We can distinguish the first type in (b), ex-
cited at I976 = 53 kW cm
−2 (peak intensity of the depletion
beam I808 = 4.3 MW cm
−2). The second UCNP type was
imaged in (c) at peak intensity I976 = 252 kW cm
−2 (I808 =
8.6 MW cm−2), while the former UCNP sample reaches the
saturation regime. Dwell time: 3 ms. Scale bar: 1 µm.
as it involves the super-linear emission regime of UCNPs.
CONCLUSION
The present work has investigated the single-
nanoparticle emission of fully Yb-based UCNPs, by com-
paring different compositions and structures and scan-
ning the excitation power over more than two orders
of magnitude. We have confirmed that this class of
nanoparticles, coated with a thin shell of inert (NaYF4)
material, effectively sustains the conditions for uSEE and
STED super-resolution microscopy, despite the Yb/Tm
concentration ratio varying from 80/20 to 92/8. In par-
ticular, the super-linear power-dependence of the 455-
nm emission peak is characterised by slopes equal to or
greater than 5.4, with a peak value of 7.2, ensuring in
all cases a uSEE resolution at least twice better than
the diffraction limit. The STED technique also achieves
good resolution performance suggesting that the 808-nm
laser can efficiently suppress the 455-nm emission over
the range of different concentrations of Tm3+ ions.
Increasing the Yb/Tm concentration ratio from 80/20
to 92/8 leads primarily to a shift of the emission curve
towards lower excitation powers without affecting the
non-linear optical properties of UCNPs, behaviour which
opens several opportunities for super-resolution imaging.
We have demonstrated that the laser power density re-
quired for uSEE and STED microscopy can be lowered by
at least a factor of two. Additionally, we have performed
multiplexed super-resolution imaging of a mixture of two
different UCNP samples, purely through choice of differ-
ent excitation depletion conditions for the first time.
These results will help future breakthroughs in UCNP-
based bioprobes. From the perspective of nanomaterials,
the simplified particle design introduces large flexibility
in the concentration of the lanthanide ions, relaxing the
constraints usually applied in the synthesis of UCNPs
for imaging purposes. In the context of biological ap-
plications, imaging at lower excitation powers consider-
ably reduces the possibility of photo-damage in biolog-
ical samples. Moreover, controlling the emission curve
of the upconversion 455-nm signal enables the observa-
tion of two or more sub-cellular target structures with
single-nanoparticle resolution, paving the way for rela-
tive location measurements and quantitative nanoscopy.
EXPERIMENTAL METHODS
Materials:
Ytterbium(III) chloride hexahydrate (Yb(Cl)3,
99.99%), thulium(III) chloride hexahydrate (Tm(Cl)3,
99.99%), yttrium(III) chloride hexahydrate (Y(Cl)3,
99.99%), oleic acid (OA, 90%), 1-octadecene (ODE,
90%), sodium oleate (≥ 82%, fatty acids), ammonium
fluoride (NH4F, ≥ 98%), and sodium hydroxide (≥ 97%,
pellets) were purchased from Sigma-Aldrich and used as
received without further purification.
Synthesis of Ln-based UCNPs:
The Ln-based UCNPs were synthesised by means of a
purpose-made automated growth system, implementing
a modified co-precipitation method based on reported lit-
erature [11, 25]. The first step is the production of the op-
tically active core of the nanoparticles NaYbxTm1−xF4,
with x = 0.92, 0.88, 0.84, and 0.8. A suitable ratio of
Yb(Cl)3 (x mmol) and Tm(Cl)3 (1− x mmol) dissolved
in methanol were stirred in a flask with OA (6 ml) and
ODE (15 ml). The mixture was placed under argon gas
flow and underwent a first heating process, consisting of
30 min at 75 ◦C and 30 min at 160 ◦C. After a cooling
down period, 3.125 mmol of sodium oleate and 4 mmol of
7NH4F were added, and the resulting solution was stirred
for 30 min under argon gas. The mixture was subject to
a second heating process, 160 ◦C for 1 h and 310 ◦C for
40 min, and cooled down to room temperature under ar-
gon gas flow. The nanocrystals were isolated by dilution
in ethanol and centrifugation, washed several times with
ethanol/cyclohexane, and stored in cyclohexane.
A similar procedure is repeated a second time for the
synthesis of the shell precursor NaYF4, but starting with
Y(Cl)3 (1 mmol) instead of the lanthanide elements. Af-
ter the first cooling down period, the solution was stirred
with NH4F (4 mmol) and sodium hydroxide (2.5 mmol),
instead of sodium oleate. Moreover, the second hearing
process consisted of only a single step to 160 ◦C kept for
1 h.
For the nanoparticle coating, 10 ml of ODE and an
equal amount of OA were stirred in a flask together
with 3 ml of nanocrystals. The mixture was heated to
75 ◦C under argon for 30 min, and then further heated
to 310 ◦C. Subsequently, 1 ml of as-prepared shell pre-
cursor was injected into the reaction flask and let react
with the mixture for 15 min at the same temperature.
The same injection and waiting procedure was repeated
several times. Finally, the products were cooled down to
room temperature under argon gas exposure and purified
with a similar procedure as for the core-only nanoparti-
cles.
Sample preparation:
To prepare a sample slide, a cover slip (Grale HDS, HD
LD2222 1.01P0, 22×22 mm, No. 1) was washed with pure
ethanol, followed by Milli-Q water, partially dried under
nitrogen flow and left fully air-dry. 50 µl of Poly-L-lysine
solution (0.1% w/v in deionised H2O) was dropped on the
front surface of the cover slip and washed off with Milli-Q
water after 35 min. The UCNP solution was diluted with
cyclohexane to a concentration of 0.05 mg ml−1. 20 µl
of this solution was dropped onto the treated surface of
the cover slip and immediately washed twice by 500µl
of cyclohexane. After being air-dried, 10 µl of a index-
matching medium is pipetted over a clean microscopy
slide (Thermo Scientific, S41014A, 76× 26 mm) and the
above prepared cover slip is gently placed on top. Slight
pressure is applied to distribute the embedding medium.
Finally, the slide sample was kept at room temperature
to dry for at least 48 h.
For the multiplexing measurement, the slide prepa-
ration followed a similar procedure. In this case, two
UCNP samples were separalely diluted with cyclohexane
to a concentration of 0.05 mg ml−1 and mixed together
to form a 20-µl solution.
Confocal system:
A custom-made optical system developed by our group
[14] (schematic illustrated in Figure 1) was employed to
acquire the confocal images of UCNPs and measure their
power-dependent emission curves.
The excitation beam is produced by a 976-nm CW
laser diode (Thorlabs, BL976-PAG900). After collima-
tion, the polarisation state of the beam is fixed by a linear
polariser (Thorlabs, LPVIS100-MP). A pair of half-wave
plate (Thorlabs, WPMH10M-980) and polarisation beam
slitter (PBS, Thorlabs, CCM1-PBS252/M) is introduced
along the optical path to control the laser power. The
excitation beam power is varied by rotating the half-wave
plate with a motorised rotation stage, and it is actively
monitored by measuring the beam component reflected
by the PBS. Moreover, a set of neutral density filters is
employed to access lower ranges of the excitation power.
The second laser beam required for the STED deple-
tion is delivered by a 808-nm CW laser diode (Lumics,
LU0808M250). After collimation, a PBS fixes the linear
polarisation of the beam and a vortex plate (Holo/Or,
VL-209-5-Y-A), precisely aligned along the optical path,
modifies the beam profile into an annular shape. In this
case, the depletion power is manually varied by changing
the diode current.
The two NIR laser beams were spatially over-
lapped through a long-pass dichroic mirror (Chroma,
ZT860lpxr), reflected by a second short-pass dichroic
mirror (Chroma, T750spxrxt), and directed towards a
quarter-wave plate (Thorlabs, AQWP10M-980) to pro-
duce the circular polarisation. Then, the laser radia-
tion is focussed down onto the sample by a rigidly fixed
microscope objective (Olympus, UPLSAPO 100XO, NA
1.4, 100x). Imaging of the beam profile on the focus
point were performed for an accurate estimation of in-
tensity delivered to the sample (Supplementary Note 2).
The sample slide is mounted on a piezo-electric 3-axis
stage (Thorlabs, MAX311D/M with BPC203 piezo con-
troller) to perform scanning acquisitions. The light emit-
ted, scattered or reflected by the sample is collected back
again by the objective, but only the upconversion sig-
nal is transmitted through the above mentioned short-
pass dichroic mirror. In order to study the specific
luminescence peak at 455 nm, a narrow band-pass fil-
ter (Semrock FF01-448/20-25) selecting only the emis-
sion band at 446± 13 nm is placed through the optical
path. Finally, the signal is coupled into a multi-mode
fibre (Thorlabs, M43L01, core diameter 105 µm) and de-
tected by a single-photon counting photodiode (Exceli-
tas, SPCM-AQRH-14-FC). Precise synchronisation be-
tween the piezo-electric stage and the photodiode is re-
alised by means of a multifunctional I/O card (NI 6353),
which is able to deliver the required voltages for position-
ing the stage and to collect the digital counting signal
8from the detector.
Acquisition procedure:
A purpose-made LabVIEW program manages the en-
tire scanning and acquisition procedure. Confocal 2D im-
ages are produced at fixed excitation/depletion powers,
by scanning the sample and collecting the photon counts
at each position (dwell time of 3 ms if not specified oth-
erwise). The emission curves are analysed by keeping
the stage at a fixed position and by acquiring the pho-
ton signal at different excitation powers. The automated
control of the beam power reduces power uncertainties
and minimises unnecessary laser exposures. Each point
of the emission curve is obtained by acquiring the lu-
minescence signal for 1 s, eight consecutive times. The
values are averaged and the relative uncertainty is as-
signed with a confidence level of 95%. An additional
uncertainty component, due to power fluctuations and
estimated to change the luminescence signal of about
10%, is considered. Despite the dark count of the de-
tector was 10−1 cts/ms, the measurement sensitivity for
the emission curve was lowered an order of magnitude by
subtracting the background level.
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